The potential of exfoliated graphite nano platelets (xGnP™) as reinforcing fillers in flouroelastomer has been investigated. The dispersion of the nano graphite platelets in the polymer matrix has been investigated by WAXD, SEM, TEM, EPMA and AFM. WAXD studies indicated that the processing of composites did not change the inter-gallery distance (d-spacing) of the graphite platelets. The effect of increasing nano graphite loadings on mechanical properties like tensile strength, modulus and tear resistance has been studied. Formation of weld lines on the fracture surface of the composite has been observed by SEM. The thermal stability was determined using thermogravimetric analysis. The composites showed higher thermal stability in comparison with nonreinforced polymer.
Introduction
For all practical applications (except adhesives), elastomers are reinforced with fillers to improve their performance by incorporating inorganic fillers. Traditionally this has been achieved by using materials such as carbon blacks, clays, talc and silica. But new generation fillers like carbon nano tubes, carbon silica dual phase filler, nano clays and nano graphite are continuously challenging the hegemony of these traditional fillers. The advantage of using nano scale fillers is their very high surface to volume ratio which leads to greater polymer-filler interactions thereby giving rise to significantly improved mechanical & thermo-mechanical properties. In recent years, there has been considerable research on nano particle based composites. Especially nano clay reinforced plastics [1] [2] [3] and elastomers [4, 5] have been extensively studied. Studies have shown that very low amount of fillers(less than 10%) can achieve excellent performance characteristics like tensile strength & modulus when compared to 40-60% in micro sized fillers like carbon blacks and silica. Nano graphite show layered structure similar to nano-clays and have a high aspect ratio in the range of 1000-1500. Many studies have reported better modulus, tensile strength and dynamic mechanical properties by the addition of nano-clays in elastomeric matrices [6] [7] [8] . Graphite can provide additional advantages like excellent electrical and thermal conductivity. Exfoliated graphite is prepared by rapid heating of a graphite intercalation compound (GIC). An exfoliated graphite nanoparticle is composed of stacks of nanosheets that may vary from 4-40 nm. They also show good affinity for both organic compounds and polymers, therefore some monomers and polymers can be absorbed into the pores and galleries of exfoliated graphite.
Though there have been many studies on the effect of addition of nano graphite in polymer matrix, it hasn't been reported in elastomer matrices. The present work is a part of our systematic study on performance characteristics like mechanical, thermal, dielectric and dynamic mechanical properties of flouroelastomers reinforced with novel carbon based fillers like nano graphite and carbon nano tubes [9] .
The objective of the present paper is to report the effect of addition of graphite platelets on properties of flouroelastomer composites. The dispersion of the filler in the polymer matrix has been studied by X-ray diffraction, scanning and transmission electron microscopy. The effect of increasing graphite loadings on the performance characteristics like tensile strength, modulus and tear strength is also reported. The thermal degradation property of the composites has been studied carried out using thermo-gravimetric analysis in oxygen atmosphere. 10  20  30  40  50  60  70  80  90 Intensity, au The dispersion of the nano graphite platelets has been studied by WAXD, SEM and TEM. Figure 1 shows the X-Ray diffractograph of unfilled and reinforced flouroelastomer compounds.
Results and Discussion

Dispersion and morphology
From the plots it can be observed that both pure graphite platelets and graphite/FKM exhibit an intense peak at diffraction angle of 26.4, corresponding to a basal spacing of 3.37A°. A similar observation was reported by Yasmin and Daniel [11] who concluded that graphite platelets are still multilayered and maintain their original dspacing. The occurrence of peak at diffraction angle of 26.38 irrespective of the sample preparation techniques (shear mixing, sonication and conventional melt mixing) has been reported by Yasmin et al. [12] . Other reports of occurrence of this peak at 26.4 corresponding to d-spacing of 3.37 A° in expanded graphite and at 26.35 0 (d-spacing of 3.38 0 A) in in-situ polymerized styrene-MMA-graphite composites has been reported by Chen et. al. [13] and by Uhl et al. [14] in nano graphite reinforced HIPS (high impact polystyrene) and ABS (Acrylonitrile-butadiene-styrene). But it can be observed that with increase in nano-graphite loading there is increase in intensity of the peaks (as shown in Figure 1 (b)) which can be attributed to presence of higher number of graphite layers [12] . This increase in height is quantified as area under the graphite peak and plotted against the nano graphite loading and shown in Figure 1 (c). From the plot a continuous increase in the area with filler loading can be observed. A similar observation has been reported by Causin et al [15] in PP/nano graphite composites. These observations are also reflected in the 2D general area diffractographs shown in Figure 1 (d) wherein an increase in intensity of the graphite peak with increasing concentrations of nano graphite platelets can be observed.
Dispersion of the graphite platelets at shorter length scale has been studied using TEM and representative microphotograph at 2.5 phr and 3.5 phr nano graphite loadings is shown in Figure 2 From figure it can be observed that the graphite nanosheets consist of thin graphite nano-lamellae with thickness of 1-5 nm or thinner and with inter-gallery spacings of 3.37 A°. These inter-gallery distances reflect the XRD measurements.
Atomic force microscopy was further used to observe the morphology of the nano graphite dispersion in neat elastomer and flouroelastomer-graphite nanocomposites.
Though there have been a number of studies on nanographite reinforced polymers, AFM testing have been less investigated. This manuscript reports the morphological studies of nano graphite reinforced elastomers for the first time. Figure 3(a) seems to suggest that in neat elastomers, the elastomer tends to coalesce to form clusters while in the nanocomposite the ability to form clusters is significantly reduced (Fig. 3b & 3d ). This result is consistent with the recent results which show that addition of layered fillers (nano clays) prevents coalesence of elastomer as clusters [16] enabling a non-agglomerated dispersion in the matrix. This observation can also be ascribed to the increase in melt viscosity on the addition of nano graphite and formation of strong interface between the polymer matrix and the nano graphite platelets. The line diagram and 3D image (4(a) and 4(c) respectively) shows agglomeration of the graphite platelets. Figures 4(e) and 4(b) also suggest that the surface smoothness of nanocomposites seemed to decrease with increasing nanographite content. This observation is consistent with the findings of Mehta et. al who reported a similar phenomenon in nano clay reinforced polymers [17] .
EPMA (Electron probe micro analysis)
The dispersion of nano graphite platelets in the fluoroelastomer matrix was further studied by Electron probe micro analysis (EPMA). Though researchers have used a variety of methods like SEM, TEM, AFM and MFM to characterize dispersion of nanoparticles in a polymer matrix, EPMA have never been utilized. This manuscript reports for the first time the utility of EPMA to characterize the dispersion of nanopraticles in elastomer composites. The main advantage of EPMA is selective elemental scans. In the present study carbon scan has been carried out and a representative carbon scan of nano graphite loaded fluoroelastomer compound is shown in Figure 5 . From the figure it can be observed that nano graphite platelets are well dispersed. A more detailed study on the utility of EPMA as a tool to study nano filler dispersion in polymer matrix is under preparation. 
Mechanical properties -Tensile strength and Modulus
The variation in tensile strength, modulus and tear resistance with increasing nano graphite loadings is shown in Figures 6-8 Incorporation of fillers is the major source of energy dissipation. Increasing amounts of filler lead to a large number of polymer chains to get adhered to the polymer surface, thereby leading to greater probability of molecular slippage thus increasing the fracture energy. However, from the figures it can be observed that intensity of increase in modulus ( Figure 7 ) and Tear strength ( Figure 8 ) is more pronounced when compared to tensile strength. This can be attributed to the stress transfer mechanism of reinforced elastomers. When elastomers are reinforced with fillers, the stress is transferred from the soft elastomer matrix to the strong and stiff mineral filler. This stress transfer is better affected if the filler is smaller, because greater surface is exposed. Nano graphites have very high surface areas of the order 100 m 2 /gm. Besides this, the graphite used in the present study is manufactured by acid intercalation method and it has some oxygen functionality and a schematic representation of the same is shown in the Figure 9 . This acid treatment of graphite impart functional groups like -COOH, C=O on the surface of nano graphite thereby increasing its oxygen functionality.
The presence of oxygen in the exfoliated graphite powder has been further tested by EDS (Electron Dispersive Spectra) and representative spectra of ordinary graphite and exfoliated graphite are shown in Figures 10(a) and 10(b) respectively. The elemental analysis of exfoliated graphite show 85.09% carbon, 14.04% Oxygen and 0.87% sulphur. The presence of this oxygen increases the polymer filler interactions due the formation of complex physico-chemical bonds between the filler surface and the polymer matrix. Increased filler loading leads to increase in polymer-filler interactions thereby making a portion of the polymer matrix attached to the filler surface. An SEM microphotograph of raw nano graphite powder and solvent extracted graphite from the polymer compound (using Methyl ethyl ketone, MEK) taken at same length scales is shown in Figures 11(a) and 11(b) respectively. In Figure 11 (b) adsorption of polymer chains onto the nano graphite surface can be observed.
(a) (b) Figure 11 . High resolution SEM microphotograph of (a) exfoliated nano graphite sheets (b) nano graphite sheets extracted from the polymer compound after solvent (MEK) extraction.
Fracture morphology
The basic mechanism of fracture in elastomer composites is the presence of natural defects and flaws. Filled elastomers are multi-component heterogeneous materials which exhibit various degrees of heterogeneity on a microscopic scale. These heterogeneities form regions of highly localized stress concentrations that help in propagation of the crack. Figure 12 (a) to 12(d) shows representative scanning electron micrographs of tensile fracture surface of nano graphite reinforced flouroelastomer composites at decreasing length scales.
From the Figure 12 (a) the presence of weld lines can be observed, a similar laminar morphology has been observed by Furtado et al. in layered filler (mica) reinforced SBR [19] and NR vulcanizates [20] . This result is also consistent with the observation of weld lines by Yasmin et al. [11] in nano graphite reinforced epoxy composites. The presence of weld lines also indicates the parallel orientation of the graphite platelets. Anisotropic particle reinforced polymer composites are known to orientate in the plane of weld line. SEM micrographs at lower length scales (Figures 12(c) and 12(d) ) show the presence of aggregated and debonded nano graphite particulates which confirms the theory that the failure occuring during deformation of the composites is primarily by the coalescence of the voids forming critical cracks. From Figure 12 (b) it can also be observed that the crack surface is rough, which also indicates that the crack propagation is difficult. The addition of highly anisotropic nano platelets increase the torturous path for the crack to traverse thus leading to high strength [21] .
The presence of very large particles can also be observed on the surface and the dominating deformation mechanism is clearly debonding. This may be due to the interference of graphite platelets to the flow stress, where the graphite platelets restrict the free movement of polymer chains by crack tip pinning as discussed extensively by Yasmin et al [11] . 
Thermal properties
-DSC studies Figure 13 shows the DSC curves of unfilled and floroelastomer/graphite nanocomposites(one representative is shown). The glass transition temperature of the nanocomposite is 1 0 C higher than that of pure elastomer which indicates a strong interaction between the polymer matrix and graphite layers at the interface and due to this, the mobility of the polymer segments near the interface becomes suppressed.
-Dynamic mechanical analysis Figure 14 shows the loss tangent spectra of flouroelastomer vulcanizates reinforced with increasing amounts of nano graphite as a function of temperature. From the figure it can be observed that the location of maximum value of loss tangent (tanδ max ) is not significantly affected by the extent of filler loading. All the samples show the glass transition in the narrow temperature range of 7.8 to 8.4 0 C. This can be explained on the basis of relaxation dynamics of the polymer matrix. One of the main features of reinforced elastomers is that majority of polymer chains are in contact with the filler surfaces. Addition of filler into the polymer matrix induces a gradient of glass transition temperature in the polymer chains that are in the vicinity of the fillers due to the existence of strong dynamical heterogeneities [22] . These heterogeneities originate from thermal fluctuations of density, and the heterogeneous nature polymer composite. When a polymer is cooled through the glass transition region, the physical properties of the polymer in the nonequilibrium state (at temperature lower than T g ), such as volume and enthalpy, gradually recover to new equilibrium values through the configurational rearrangement of polymer segments. The rate of the rearrangement or relaxation process depends on the local environment surrounding the relaxation entities and hence reflects the extent of environmental restriction on those entities. Increasing nano grahite loading shows decrease in the magnitude of the loss tangent with simultaneous broadening of the peak. A more detailed study of dynamic mechanical and dielectric relaxations has been presented elsewhere [23] . -TGA studies
The thermal stability of nano graphite reinforced flouroelastomer composites has been determined using thermo-gravimetric analyzer in oxygen atmosphere and the TGA and DTG curves of composites with increasing filler loadings is shown in Figure  15 and 16 respectively. The onset and end set of thermal degradation temperature have been tabulated in Table 1 . From the table it can be observed that with increasing in nano graphite loadings a continuous increase in onset, end set, degradation temperatures at 5, 10 and 50% weight loss which indicate that the thermal stability of the composites increases.
Tab. 1. Thermal characteristics of fluoroelastomer/nanographite composites.
From the figures with increasing filler loadings, a steady increase in onset and end set temperatures can be observed which indicate that the thermal stability of the composites improve with the addition of nano graphite platelets.
The activation energy of thermal decomposition of the polymer composites has been calculated using integral equation of Coates and Redfern [24] :
where is temperature in Kelvin, E is activation energy in T J mol , R is universal gas
, is the order of reaction and n α is the fractional weight loss at a particular temperature and is calculated using the expression:
where i ω is the initial weight, t ω is weight at a given temperature and f ω is the final weight of the sample.
For above equation reduces to
Therefore a plot of ( ) Figure 17 gives a straight line and the activation energy ( ) E is calculated from the slope using the expression:
The calculated apparent activation energy as a function of increasing nano graphite loadings is shown in the Figure 17 wherein a continuous increase in activation energy can be observed which can be attributed to the homogeneous distribution of graphite platelets as well as the tortuous path of the nano platelet hinders the diffusion of volatile decomposition products. A similar observation of improvement in thermal stability with addition of nano clays in flouroelastomer composites has been reported by Kader et al [25] . From the figures it can be observed that at all loadings of graphite the morphology shows a 'layered structure' which can be due to interference created by graphite platelets to the diffusion of volatile products thereby restricting the decomposition of the polymer. These SEM pictures also provide a glimpse of the dispersion of the nano graphite platelets in the polymer matrix.
Conclusions
The effect of addition of nano graphite platelets in flouroelastomer composites has been investigated. The structure and morphology of increasing concentration of nano graphite platelets were studied by WAXD, SEM, AFM and TEM. X-ray diffraction studies showed that there is no increase in the d-spacing of the platelets, however the platelets were in order and are multilayered. AFM topography studies and TEM microphotographs showed good dispersion of the platelets. The utility of EPMA (electron probe micro analyzer) as a tool to study the dispersion of nano particles in the polymer matrix has explored for the first time in this manuscript. EPMA micrographs showed good dispersion of nano graphite platelets in the polymer. The addition of graphite platelets increased the performance characteristics like tensile strength, modulus and tear resistance. Fracture surface of the composites showed the presence of long weld lines which indicate that the failure mechanism is predominantly dominated by crack tip pinning, and debonding of the filler from the polymer matrix.
Experimental
Materials
Flouroelastomer with 71% fluorine content was procured from Diakin, Japan under the trade name DAI-EL, G-902. The exfoliated graphite (xGnP-15) synthesized by acid intercalation method has been kindly supplied by Drzal group of Michigan State University, USA. [10] . Representative SEM microphotograph and WAXD diffractograph of the exfoliated graphite platelets has been shown in Figure 20 
Sample preparation
The compounds were mixed in a laboratory size (225 x 100 mm) mixing mill at a friction ratio of 1 : 1.25 according to ASTM D 3182 standards while carefully controlling the temperature, nip gap, mixing time, and uniform cutting operation. The temperature range for mixing was maintained at 80 °C by carefully circulating water. After mixing, the elastomer compositions were molded in an electrically heated hydraulic press to optimum cure (90% of the maximum cure) using molding conditions determined by a Monsanto rheometer
Testing
-Physical test procedures
The curing characteristics of the compounded stocks were determined using an R-100 oscillatory disk rheometer according to ASTM D 20845 standards. Modulus and tensile strength have been determined from stress-strain curves using dumbbell shaped specimens punched out from molded rubber sheet using a type D die at a cross head speed of 500 mm/min. Tear strength was determined according to ASTM D 624 (type C) using trouser samples. Both tensile and tear tests were carried out using a Tensilon, 2000, Universal testing machine.
-Scanning electron microscopy Morphology of the compounds has been studied using a scanning electron microscope (SEM) (Philips XL30 S FEG(Netherlands)), after auto sputter coating of the sample surface with gold.
-Wide angle X-ray diffraction (WAXD) WAXD was used to verify the structure of the composite. WAXD was performed on a general area X-Ray diffraction system manufactured by Bruker AXS, with Cu Kα radiation ( λ =1.541 A°) operating at 40 kV and 20 mA.
-Atomic force microscopy (AFM)
The atomic force microscopy was carried out using a Multimode SPM operated in MFM mode and manufactured by XE-100(PSIA, Korea). The tip was cobalt coated sharpened silicon nitride cantilever with an approximate radius of curvature of 40 nm. The specimens were prepared by cryomicrotoming of composites with glass knives at −140 0 C. The average thickness of the specimens was 10 μm. The measurements of the samples were performed under ambient conditions. Height and phase images were recorded simultaneously at the resonance frequency of the cantilever with a scan rate of 1 Hz and a resolution of 256 samples per line. The images were analyzed using XEI-PSIA(v1.6.1) image processing software.
-Thermogravimetric Analysis
The thermal stability of the composites was investigated using a Perkin-Elmer Series 7 thermal analysis system. The TGA scans were recorded at a heating rate of 20 0 C/min under constant oxygen flow of 50 ml/min from room temperature to 700 0 C. At least three tests were carried out for each sample.
